ABSTRACT. Microsatellite DNA markers, which are assumed to drift, have been widely used to assess genetic diversity in all major domestic animal species. These markers provide insight into the arrival and dispersion history of a species, with regard to their content or management history. However, no direct evidence supports current standard microsatellite markers falling under this assumption. Therefore, the objective of this study was to investigate the effect and divergence of microsatellites under different types of selection on genetic patterns and population diversity. A total of 192 birds (Gallus gallus) from eight different geographic locations were investigated using 20 microsatellites that are classified into different groups by their selective effect (neutral, positive selection, and balancing selection) by the FDIST2 outlier test. The results showed that most polymorphisms were in the balancing selection marker group, the expected heterozygosity was 0.70, the observed heterozygosity was 0.65, and the mean number of alleles was 6.91. AMOVA revealed that the balancing group contributed the lowest amount of variance among groups, which was -0.60%, the highest variance contributed within the population being 92.28% in comparison with that of other groups. A similar pattern of population genetics was revealed following Slatkin linearized F ST , principal component factor analysis, and population structure by Bayesian clustering. In conclusion, balancing selective markers offer high polymorphism for estimating genetic diversity but reduced genetic divergence between populations.
Therefore, the objective of this study was to investigate the effect and divergence of microsatellites under different types of selection on genetic patterns and population diversity. A total of 192 birds (Gallus gallus) from eight different geographic locations were investigated using 20 microsatellites that are classified into different groups by their selective effect (neutral, positive selection, and balancing selection) by the FDIST2 outlier test. The results showed that most polymorphisms were in the balancing selection marker group, the expected heterozygosity was 0.70, the observed heterozygosity was 0.65, and the mean number of alleles was 6.91. AMOVA revealed that the balancing group contributed the lowest amount of variance among groups, which was -0.60%, the highest variance contributed within the population being 92.28% in comparison with that of other groups. A similar pattern of population genetics was revealed following Slatkin linearized F ST , principal component factor analysis, and population structure by Bayesian clustering. In conclusion, balancing selective markers offer high polymorphism for estimating genetic diversity but reduced genetic divergence between populations.
INTRODUCTION
Microsatellite DNA markers, also known as simple sequence repeats or short tandem repeats (Turnpenny and Ellard, 2005) , are variable number of tandem repeats and have been extensively studied to assess the diversity of populations of multiple species. In particular, the Food and Agriculture Organization, FAO (2011) recommend the use of microsatellite systems to identify diversity in domestic animals, and a large number of studies have been performed in multiple species including chickens (Tadano et al., 2014; Abebe et al., 2015) , cattle (Pelayo et al., 2015; Sharma et al., 2015) , pigs (Choi et al., 2014; Revidatti et al., 2014) , sheep (Agaviezor et al., 2012; Yilmaz et al., 2014; Ćurković et al., 2016) , and goats (Nomura et al., 2012; Wei et al., 2014) . Most previous studies have shown that the breeds cluster according to their geographic location, and vary in the degree of diversity depending on the breeding and management histories of the breeds using these types of marker systems, which were typically co-dominant and assumed to be drifting (Granevitze et al., 2009 ). However, no evidence is available to fully support the latter notion.
In addition, studies have revealed the genomic linkage regions of quantitative traits using microsatellites (Yoo et al., 2014; Warrington et al., 2015) , indicating that artificial selection changes the genotype frequency of some microsatellites. Of note, Mwacharo et al. (2013) identified four microsatellites that were under positive selection at 30 loci in African village chickens, which revealed that not all microsatellite loci are subject to neutral selection or genetic drift.
In the current study, we used a range of chickens to classify microsatellites according to different types of selection (neutral, positive, and balancing selection) using a relative genetic algorithm. Then, we comprehensively compared data on the pattern of population genetics and diversity of breeds between different marker systems to reveal the genetic contributions of microsatellites under different types of selection.
MATERIAL AND METHODS

Samples and genotype test
Blood samples were collected from 192 birds from eight populations of three geographic mainland locations: three indigenous populations from four countries in Africa (Uganda, Ethiopia, and Egypt), three local populations from China (Beijing You, DeHua, and Fujian Silk), and one indigenous population from Cambodia (Ca), as well as an indigenous breed from Fiji, which is located in the south Pacific Ocean. Genomic DNA was extracted using a standard phenol-chloroform method (Sambrook and Russell, 2001 ).
The average sample size was 24 birds per population. Individuals were genotyped at 20 microsatellite loci selected from the 30 loci suggested for use in biodiversity studies in chickens (FAO, 2011) (Table 1 ). Approximately 1-2 mL PCR product was diluted in 10 mL autoclaved distilled water for use in DNA genotyping. Two-microliters of diluted PCR products was added to 7.75 mL Hi Di TM Formamide, and 0.25 mL Gene Scan-500 LIZ TM . The mixtures were heated at 94°C for 5 min and then immediately chilled using ice for 2 min. Genotyping was performed on a Genetic Analyzer 3130 xl (AB Applied Bio Systems).
Data analysis
Locus F ST (pairwise difference) values across populations were used to test the hypothesis of diversifying selection acting at each locus. The FDIST2 outlier test (Beaumont and Nichols, 1996) was implemented in LOSITAN (Antao et al., 2008) with 100,000 simulations and a cut-off probability value of 0.99. Genetic diversity [expected (H E ), observed (H O ) heterozygosities, mean number of alleles (N A ), and polymorphism information content] were estimated from the allele frequencies using FSTAT 2.9.3.2 (Goudet, 2001) . Matrix of Slatkin linearized F ST (Slatkin, 1995) of populations and AMOVA were displayed using the Arlequin software 3.5.1.3 (Excoffier and Lischer, 2010) .
Bayesian clustering was reconstructed using STRUCTURE 2.3.3 (Pritchard et al., 2000; Falush et al., 2003) to infer population structure. In this study, the number of clusters (K) varied between 2 ≤ K ≤ 8 or 7, using a burn-in of 50,000 followed by 100,000 Markov Chain Monte Carlo in 50 iterations. STRUCTURE_Harvester (Earl and vonHoldt Bridgett, 2012) was used to generate a graphical display of the simulated results and the most optimal K with DK = m|L'(K)|/s|L(K)|. We further generated additional information to assist in the interpretation of results from STRUCTURE and to correctly infer the underlying genetic structure. Principal component factor analysis (PCA) was performed with the MultiVariate Statistical Package (MVSP) Version 3.13 m software (Kovach and Services, 2004) , which was conducted in a zoological and genetic study (Rosa et al., 2007) .
RESULTS
Polymorphism and diversity of each classifying locus group
First, 20 microsatellites were tested using the FDIST2 outlier test (Beaumont and Nichols, 1996) implemented in LOSITAN (Antao et al., 2008 ) with all individuals. Five loci subject to positive selection were indicated, including MCW0216, MCW0222, MCW0014, MCW0067, and MCW0081. Four loci subject to balancing selection included LEI0094, LEI0166, MCW0034, and MCW0183. The remaining 11 loci were found to be under neutral selection in this study. Therefore, 20 microsatellites were classified into three marker systems: the neutral group, balancing selection group, and positive marker group ( Figure 1 and Table  2 ). Finally, the diversity of eight indigenous breeds was described by each classified group marker, and across all 20 microsatellite markers.
Twenty microsatellite DNA markers selected based on ISAG-FAO recommendations (FAO, 2011) were used in this study. In the balancing selection group, the H E ranged from 0.64 (Fujian Silk) to 0.78 (Fiji), the H O ranged from 0.56 (Cambodia) to 0.76 (Uganda), and the mean N A ranged from 4.50 (Fujian Silk) to 8.75 (Egypt). In the neutral loci group, the H E ranged from 0.59 (Beijing You) to 0.75 (Cambodia), the H O ranged from 0.50 (Ethiopia) to 0.71 (DeHua), and the mean N A ranged from 4.45 (Beijing You) to 6.91 (Cambodia). In the group containing all 20 microsatellites, the H E ranged from 0.54 (Fujian Silk) to 0.70 (Cambodia), the H O ranged from 0.48 (Ethiopia) to 0.63 (DeHua), and the mean N A ranged from 4.15 (Fujian Silk) to 6.85 (Cambodia). However, in the positive selection group, the H E ranged from 0.31 (Fujian Silk) to 0.65 (Uganda), the H O ranged from 0.21 (Fujian Silk) to 0.61 (Uganda), and the mean N A ranged from 2.80 (Fujian Silk) to 5.60 (Cambodia); detailed information is presented in Table  3 . Therefore, as the result of heterozygosity and the mean N A among those breeds, the highest degree of polymorphism was represented by the balancing selection group; the second highest was observed in the neutral group and in the group containing 20 microsatellites; and the lowest amount of polymorphism was found in the positive selection group. Names of positively selected loci are indicated by red font color; balancing selection loci are in blue, and neutral loci are black. H E is the expected heterozygosity of each loci, and F ST is the mean population difference for each loci. FDR is the confidence interval (P < 0.1, is the balancing selection; P > 0.9, is the positive selection and 0.1 < P < 0.9, is the neutral drift).
Population structure of microsatellite groups under different types of selection
The results of AMOVA with 20 autosomal microsatellites showed that the amount of genetic variance among populations, within groups, and within populations was 18.86 and 77.65%, respectively, and 3.49% among the groups. In the neutral marker group, the contribution to genetic variance among populations within groups and within popwulations was 17.59 and 80.21%, respectively, and 2.20% among the groups. The results for the positive selection locus showed that the contribution to genetic variance among populations within groups and within populations were 29.12 and 61.37%, respectively, and 9.51% among the groups. Detailed information is presented in Table 4 . However, across the balancing selection locus, the percentage of genetic variant contributions among populations within groups and within populations were 8.32 and 92.28%, respectively. However, -0.60% among groups indicated genetic differentiation, which was found mainly within populations using balancing markers. A similar genetic pattern as found for F ST values was found for the neutral locus group and for the group containing 20 microsatellites; however, a higher degree of genetic differentiation was observed in the neutral group. In addition, the difference-pattern of the balancing selective locus and positive selective locus exhibited large divergence from that of the neutral locus group and the group containing 20 microsatellites. Detailed numerical values for the Slatkin linearized F ST are presented in Tables 5-8 , and the visual pattern of F ST for each group of markers is shown in Figure 2 .
The genetic pattern of PCA in different marker groups is shown in Figure 3 . As expected, clear geographic separation was found to exist in the group containing 20 microsatellites, and in the neutral and positive locus groups, respectively, but not in the balancing locus group. The genetic structure of 192 individuals assessed using the STRUCTURE software revealed an increasing value for K (from 2-7 or 8), and we estimated the most optimal K to be 3 (Tables S1, S2, S3 and S4) in all four marker groups (20 microsatellite, neutral locus, positive selection locus, and balancing selection locus). A similar genetic pattern was shown by the group containing 20 microsatellites, and by the neutral locus, and positive selection locus groups; however, the balancing selection locus was found to have a blurry pattern (Figure 4) . 
DISCUSSION
In the present study, information on genetic diversity obtained through H E , H O , and N A values for the four marker groups, revealed that the neutral marker group possesses a higher level of polymorphism than the positive selection group and the group containing 20 microsatellites, with the lowest level of polymorphism observed for the balancing group. This finding indicates that the balancing locus possessed the highest level of polymorphism and that the polymorphism of the neutral locus was midway between that of the positive and balancing loci.
Balancing selection usually occurs when heterozygotes for alleles under consideration have a higher adaptive value than the homozygotes, thus, conserving genetic polymorphism. In addition, heterozygote advantage is the main mechanism of balancing selection, which means an individual who is heterozygous at a particular gene locus has a greater fitness than an individual homozygous at the same locus (Eugenie, 1978) . Studies have shown that high genetic variance and heterozygote advantage can support a high survival rate, particularly in immune regions of genes (Daum et al., 2012; Eizaguirre et al., 2012; Coppage et al., 2013) .
In addition, increasing numbers of studies have focused on identifying the effect of positive selection on the genomes of different species (Sabeti et al., 2007; Drummond and Suchard, 2008; Huard-Chauveau et al., 2013) . Under this type of directional selection, advantageous alleles accumulate in an ongoing manner due to the high survival rate; however, dominant/recessive alleles will eventually become fixed (Molles and Cahill, 1999) . Therefore, the main power of positive selection is attributed to the divergence between domestic animal populations or breeds (Parker et al., 2004) .
The result of AMOVA revealed that the positive selection group contributed the most to genetic variance (9.51% among the group), and the balancing selection group contributed the least (-0.59%). The contribution to genetic variance indicated that the positive locus supported a higher difference in the mating population genetic structure as well as balancing locus to dilute this difference compared with that of the neutral locus. In addition, PCA and population structure analysis using a Bayesian clustering algorithm revealed that balancing selection may reduce the divergence between populations due to the high heterozygosis and increasing frequency of different alleles. Table S1 . K value estimation using 20 microsatellites. Table S2 . K value estimation using 11 neutral locus. Table S3 . Estimated K values using fine positive selective locus. Table S4 . Estimated K value using four balancing selective locus.
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